, and in addition to DBT derivatives, NTH derivatives can also be detected in diesel oil following hydrodesulfurization treatment. Rhodococcus sp. strain WU-K2R was newly isolated from soil for its ability to grow in a medium with NTH as the sole source of sulfur, and growing cells of WU-K2R degraded 0.27 mM NTH within 7 days. WU-K2R could also grow in the medium with NTH sulfone, benzothiophene (BTH), 3-methyl-BTH, or 5-methyl-BTH as the sole source of sulfur but could not utilize DBT, DBT sulfone, or 4,6-dimethyl-DBT. On the other hand, WU-K2R did not utilize NTH or BTH as the sole source of carbon. By gas chromatography-mass spectrometry analysis, desulfurized NTH metabolites were identified as NTH sulfone, 2-hydroxynaphthylethene, and naphtho Sulfur oxides generated by combustion of fossil fuel lead to acid rain and air pollution. Therefore, today petroleum is treated by hydrodesulfurization (HDS) using metallic catalysts in the presence of hydrogen gas under extremely high temperature and pressure. Although HDS can remove various types of sulfur compounds, some types of heterocyclic sulfur compounds cannot be removed. Dibenzothiophene (DBT) is one such recalcitrant organosulfur compound and is widely recognized as a model target compound for deeper desulfurization, since DBT derivatives can be detected in diesel oil following HDS treatment. Therefore, the application of a biodesulfurization process using a DBT-desulfurizing microorganism following HDS, mainly for diesel oil, has attracted attention for achievement of deeper desulfurization (16, 20) . Some mesophilic and thermophilic DBT-desulfurizing microorganisms have been isolated, for example, Rhodococcus sp. strain IGTS8 (1, 4, 21, 22), Rhodococcus erythropolis D-1 (8), R. erythropolis H-2 (17, 18), R. erythropolis KA2-5-1 (6), and Paenibacillus sp. strain A11-2, which desulfurizes DBT at 60°C (7, 11). We have also isolated Bacillus subtilis WU-S2B (9) and Mycobacterium phlei WU-F1 (2), which could desulfurize DBT and its derivatives over a wide temperature range of 20 to 50°C and at the highest level at 45 to 50°C. These bacteria desulfurize DBT through the sulfur-specific degradation pathway with the selective cleavage of carbon-sulfur (C-S) bonds without reducing the energy content (4, 21, 22) . Naphtho[2,1-b]thiophene (NTH) (see Fig. 3B ), which includes a benzothiophene (BTH) (see Fig. 3A ) structure, is an asymmetric structural isomer of DBT. Recently it has become apparent that in addition to DBT derivatives, NTH derivatives can also be detected in diesel oil following HDS treatment, although NTH derivatives are minor components in comparison with DBT derivatives (unpublished data). Therefore, NTH may also be a model target compound for deeper desulfurization. Kropp et al. (13) have reported that Pseudomonas sp. strain W1 could degrade NTH. However, this bacterium utilized NTH as the carbon source with reducing the energy content, and the sulfur atom was not removed from NTH during the degradation. On the other hand, we recently reported that M. phlei WU-F1, which possessed high desulfurizing ability toward DBT and its derivatives under high-temperature conditions, could also desulfurize NTH and 2-ethyl-NTH through the sulfur-specific degradation pathway (3). There is no other report related to NTH biodesulfurization through the sulfur-specific degradation pathway. Thus, for practical biodesulfurization, it may be useful to obtain microorganisms preferentially desulfurizing asymmetric heterocyclic sulfur compounds such as NTH and BTH.
Sulfur oxides generated by combustion of fossil fuel lead to acid rain and air pollution. Therefore, today petroleum is treated by hydrodesulfurization (HDS) using metallic catalysts in the presence of hydrogen gas under extremely high temperature and pressure. Although HDS can remove various types of sulfur compounds, some types of heterocyclic sulfur compounds cannot be removed. Dibenzothiophene (DBT) is one such recalcitrant organosulfur compound and is widely recognized as a model target compound for deeper desulfurization, since DBT derivatives can be detected in diesel oil following HDS treatment. Therefore, the application of a biodesulfurization process using a DBT-desulfurizing microorganism following HDS, mainly for diesel oil, has attracted attention for achievement of deeper desulfurization (16, 20) . Some mesophilic and thermophilic DBT-desulfurizing microorganisms have been isolated, for example, Rhodococcus sp. strain IGTS8 (1, 4, 21, 22) , Rhodococcus erythropolis D-1 (8), R. erythropolis H-2 (17, 18) , R. erythropolis KA2-5-1 (6) , and Paenibacillus sp. strain A11-2, which desulfurizes DBT at 60°C (7, 11) . We have also isolated Bacillus subtilis WU-S2B (9) and Mycobacterium phlei WU-F1 (2), which could desulfurize DBT and its derivatives over a wide temperature range of 20 to 50°C and at the highest level at 45 to 50°C. These bacteria desulfurize DBT through the sulfur-specific degradation pathway with the selective cleavage of carbon-sulfur (C-S) bonds without reducing the energy content (4, 21, 22) .
Naphtho [2,1-b] thiophene (NTH) (see Fig. 3B ), which includes a benzothiophene (BTH) (see Fig. 3A ) structure, is an asymmetric structural isomer of DBT. Recently it has become apparent that in addition to DBT derivatives, NTH derivatives can also be detected in diesel oil following HDS treatment, although NTH derivatives are minor components in comparison with DBT derivatives (unpublished data). Therefore, NTH may also be a model target compound for deeper desulfurization. Kropp et al. (13) have reported that Pseudomonas sp. strain W1 could degrade NTH. However, this bacterium utilized NTH as the carbon source with reducing the energy content, and the sulfur atom was not removed from NTH during the degradation. On the other hand, we recently reported that M. phlei WU-F1, which possessed high desulfurizing ability toward DBT and its derivatives under high-temperature conditions, could also desulfurize NTH and 2-ethyl-NTH through the sulfur-specific degradation pathway (3). There is no other report related to NTH biodesulfurization through the sulfur-specific degradation pathway. Thus, for practical biodesulfurization, it may be useful to obtain microorganisms preferentially desulfurizing asymmetric heterocyclic sulfur compounds such as NTH and BTH.
In this paper, we describe the desulfurization of NTH and BTH by the newly isolated strain Rhodococcus sp. strain WU-K2R. We examined the desulfurizing ability of WU-K2R toward heterocyclic sulfur compounds and found that WU-K2R could preferentially desulfurize asymmetric NTH and BTH. Moreover, we analyzed metabolites produced through NTH
RESULTS
Identification of an NTH-desulfurizing bacterium, WU-K2R. To isolate NTH-desulfurizing microorganisms, approximately 1,000 samples of soil, waste water, and oil sludge in Japan were collected as sources of microorganisms. A small amount of each sample was suspended in distilled water at an appropriate concentration, and 0.2 ml of this suspension was inoculated into a test tube containing 5 ml of MG medium with NTH and cultivated at 30°C for 3 to 5 days. Aliquots of some turbid cultures were then transferred into fresh medium. After five subcultivations, the culture broth was appropriately diluted with distilled water and spread onto LB medium agar plates.
After cultivation at 30°C for 3 to 5 days, colonies formed on the plates were again inoculated into liquid MG medium with NTH. By means of repeated cultivation in liquid MG medium and single-colony isolation on LB medium agar plates, strains showing an optical density at 660 nm (OD 660 ) of more than 1.0 in MG medium with NTH within 7 days were selected. Among the strains, one bacterium (WU-K2R) derived from soil, which showed stable growth in the medium with NTH as the sole source of sulfur, was chosen for further studies.
WU-K2R was a rod-shaped bacterium with dimensions of 0.5 to 1.0 m by 1.5 to 2.0 m. This strain was gram positive, catalase positive, and oxidase negative and did not form spores. Further taxonomical identification of WU-K2R was performed by the National Collection of Industrial and Marine Bacteria Japan Ltd. (Shizuoka, Japan), and the 16S ribosomal DNA sequence of WU-K2R was found to have 99.9% identity to those of Rhodococcus sp. strain DSM43943 (accession number X80616), Rhodococcus opacus 1CP (accession number Y11893), and Rhodococcus koreensis (accession number AF124343). From these results, WU-K2R was tentatively identified as a Rhodococcus sp.
Growth characteristics of Rhodococcus sp. strain WU-K2R. Rhodococcus sp. strain WU-K2R grew in MG medium with NTH as the sole source of sulfur. The time course of NTH degradation by growing cells of Rhodococcus sp. strain WU-K2R is shown in Fig. 1 , and WU-K2R degraded 0.27 mM NTH within 7 days. On the other hand, it was confirmed that WU-K2R did not utilize NTH or BTH as the sole source of carbon or of carbon and sulfur (data not shown). Moreover, WU-K2R did not grow with NFU or BFU as the sole source of carbon; WU-K2R did not grow even in MG medium including 5 g of glucose per liter with Na 2 SO 4 and 0.25 g of NFU or BFU per liter, indicating that these compounds were toxic to this bacterium for growth.
Desulfurization of heterocyclic sulfur compounds. The growth of Rhodococcus sp. strain WU-K2R on each heterocyclic sulfur compound was examined. As shown in Table 1 , WU-K2R showed growth in MG medium with NTHO 2 , as well as NTH, as the sole source of sulfur and degraded 97% of 0.27 mM NTHO 2 within 5 days. Moreover, WU-K2R could grow with BTH, 3-methyl-BTH, and 5-methyl-BTH. Since BTH, 3-methyl-BTH, and 5-methyl-BTH are volatile, test tubes were tightly sealed to restrict admission of air. Under these conditions, growth occurred with BTH only and none was observed with the methylated BTHs (data not shown). However, WU-K2R could grow with the alkylated compounds when silicone caps which freely admitted air were used (Table 1) . When NTH and BTH were simultaneously provided for WU-K2R, the bacterium degraded 9 and 59% of each substrate at 0.27 mM, respectively, within 5 days. On the other hand, WU-K2R did not utilize DBT, DBTO 2 , or 4,6-dimethyl-DBT as the sole source of sulfur.
NTH-and BTH-desulfurizing pathways. Rhodococcus sp. strain WU-K2R was cultivated to the end of exponential growth phase in MG medium with NTH or BTH as the sole source of sulfur, and each culture broth was extracted with ethyl acetate. First, the extract containing metabolites produced through NTH desulfurization was analyzed by GC-MS. As shown in Fig. 2 , three compounds were detected as metabolites, in addition to NTH (M ϩ , m/z ϭ 184) ( Fig. 2A) . One metabolite was identified as NTHO 2 (M ϩ , m/z ϭ 216) (Fig.  2B) , since its GC-MS spectrum was identical to that of authentic NTHO 2 . The other metabolites were considered to include no sulfur atom in their molecular structures. One was identified as 2Ј-hydroxynaphthylethene (HNE) (M ϩ , m/z ϭ170) (Fig.  2C) . The fragment ion at m/z ϭ 141 corresponds to loss of the vinyl group from the molecular ion. The other was identified as NFU (M ϩ , m/z ϭ168) (Fig. 2D) , since its GC-MS spectrum was identical to that of authentic NFU.
The extract containing metabolites produced through BTH desulfurization was also analyzed by GC-MS. As shown in Table 2 , six compounds were detected as metabolites in addition to BTH (M ϩ , m/z ϭ 134). These six metabolites were identified as BTH sulfone (
, and BFU (M ϩ , m/z ϭ 118), since the GC-MS spectra of these metabolites were identical to those reported by other researchers who analyzed desulfurized BTH metabolites in detail (5, 12). b The OD 660 s of 0.1 were due to insoluble DBT, DBTO 2 , or 4,6-dimethyl-DBT itself in the medium but were not due to the growth of WU-K2R; no growth of WU-K2R was confirmed by microscopic observation.
c ND, not determined.
On the other hand, desulfurized NTH and BTH metabolites were not detected when WU-K2R was cultivated in MG medium with Na 2 SO 4 instead of NTH or BTH as the sole source of sulfur (data not shown). Based on the deduced structures of these metabolites and BTH-desulfurizing pathways previously reported (5, 12) , the pathways for NTH and BTH desulfurization by WU-K2R shown in Fig. 3 were proposed. It was concluded that WU-K2R desulfurized NTH and BTH through sulfur-specific degradation pathways with selective cleavage of C-S bonds.
DISCUSSION
In addition to symmetric DBT derivatives, asymmetric heterocyclic sulfur compounds such as NTH and BTH derivatives can also be detected in diesel oil following HDS treatment. Some microorganisms showing BTH-desulfurizing ability have been isolated, for example, Gordonia sp. strain 213E (5), Rhodococcus sp. strain T09 (15) , and Paenibacillus sp. strain A11-2 (12). These bacteria desulfurize BTH through sulfurspecific degradation pathways. Gordonia sp. strain 213E and Rhodococcus sp. strain T09 could desulfurize BTH but not DBT. On the other hand, Paenibacillus sp. strain A11-2 could also desulfurize DBT in addition to BTH, since this bacterium was isolated for its ability to grow in a medium with DBT as the sole source of sulfur. However, it is interesting that the DBTdesulfurizing bacterium R. erythropolis KA2-5-1 could desulfurize alkylated BTH but not BTH (10) . On the other hand, for NTH biodesulfurization through the sulfur-specific degradation pathway, there is no report except for our recent publication (3) . In that paper, we reported that M. phlei WU-F1, which possessed high desulfurizing ability toward DBT and its derivatives under high-temperature conditions, could also desulfurize NTH and 2-ethyl-NTH through the sulfur-specific degradation pathway (3). However, as described below, the NTHdesulfurizing pathways of M. phlei WU-F1 and Rhodococcus sp. strain WU-K2R (shown in this paper) are considered to be different.
In this paper, we have described the isolation of the NTHdesulfurizing bacterium Rhodococcus sp. strain WU-K2R and characterization of desulfurization patterns for NTH and BTH. The 16S ribosomal DNA sequences of WU-K2R and, surprisingly, Rhodococcus sp. strain T09 (desulfurizing BTH [15] ) were found to show 99.9% identity to that of Rhodococcus sp. strain DSM43943 (accession number X80616), but strain T09 was confirmed to show no NTH-desulfurizing ability in a medium with NTH as the sole source of sulfur, in which WU-K2R showed the ability (data not shown). Therefore, Rhodococcus sp. strain WU-K2R is concluded to be a different type of desulfurizing bacterium than strain T09.
As shown in Table 1 , Rhodococcus sp. strain WU-K2R degraded 80% of 0.27 mM NTH within 5 days, and WU-K2R showed much higher NTH-desulfurizing activity than M. phlei WU-F1, since WU-F1 degraded only 39% of 0.27 mM NTH within 5 days (3). WU-K2R exhibited faster growth and a higher NTH degradation rate in the presence of ethanol (Table 1) than in the presence of dimethylformamide (Fig. 1) . This might be related to the fact that WU-K2R could utilize ethanol On the other hand, WU-K2R did not utilize DBT, DBTO 2 , or 4,6-dimethyl-DBT as the sole source of sulfur. Therefore, WU-K2R is considered to preferentially desulfurize asymmetric heterocyclic sulfur compounds such as NTH and BTH rather than symmetric DBT derivatives.
BTH-desulfurizing bacteria reported by other researchers desulfurized BTH through the sulfur-specific degradation pathways (5, 12) , in which BTH was first oxidized to BTHO 2 via BTH sulfoxide. BTHO 2 was then transformed to 2-(2Ј-hydroxyphenyl)ethen-1-sulfinate (HPESi), leading to BcOTO and BcOTO 2 through dehydration. HPESi was finally desulfurized to HPEal, leading to BFU through dehydration, by Gordonia sp. strain 213E (5) and Rhodococcus sp. strain T09 (15) , which could desulfurize BTH but not DBT. On the other hand, HPESi was finally desulfurized to o-hydroxystyrene by Paenibacillus sp. strain A11-2 (12), which could desulfurize both BTH and DBT. In the present study, it was confirmed that Rhodococcus sp. strain WU-K2R desulfurized BTH through the sulfur-specific degradation pathway as shown in Fig. 3A . Moreover, since both BFU and o-hydroxystyrene were detected as metabolites with no sulfur atom (Table 2) , WU-K2R is considered to possess two types of C-S bond cleavage reactions toward HPESi. In addition, BFU might be produced via HPEal from BcOTO 2 , as the case of DBT desulfurization, in which DBTO 2 monooxygenase also recognizes dibenz[c,e] [1,2]oxathiin S,S-dioxide as a substrate to produce 2,2Ј-dihydroxybiphenyl (19, 21) . Similarly, since metabolites from NTH without sulfur were identified as NFU and HNE, it was confirmed that WU-K2R desulfurized NTH through the same pathway (or quite similar one) as that for BTH, as shown in Fig  3B. On the other hand, it was suggested that M. phlei WU-F1 (3) produced only the compounds corresponding to HNE and not those corresponding to NFU as metabolites from 2-ethyl-NTH without sulfur. Therefore, the NTH-desulfurizing pathway of WU-K2R is considered to be different from that of M. phlei WU-F1. In the NTH-desulfurizing pathway of WU-K2R, desulfurized NTH metabolites corresponding to desulfurized BTH metabolites such as BcOTO, BcOTO 2 , and HPEal were not detected by GC-MS analysis, and the total amount of desulfurized NTH metabolites detected was much lower than that of degraded NTH (data not shown). Although we do not have a clear explanation for this, it might be due to the lability of desulfurized NTH metabolites (3) or the existence of an additional degradation pathway(s) for NTH (14) . However, since desulfurized NTH metabolites were not detected when WU-K2R was cultivated in MG medium with Na 2 SO 4 instead of NTH as the sole source of sulfur (data not shown), these metabolites (Fig. 2) were derived from NTH, indicating that the pathway shown in Fig. 3B clearly contributes to NTH desulfurization by WU-K2R.
In conclusion, we confirmed that the newly isolated strain Rhodococcus sp. strain WU-K2R could preferentially desulfurize asymmetric heterocyclic sulfur compounds such as NTH and BTH through sulfur-specific degradation pathways. Therefore, for practical biodesulfurization, WU-K2R may be a useful desulfurizing biocatalyst complementary to microorganisms showing desulfuring ability toward symmetric DBT derivatives. However, we still do not know the detailed reaction mechanisms and the enzymes related to the reaction steps. Therefore, we are investigating the enzymatic and genetic properties of this NTH-desulfurizing bacterium, Rhodococcus sp. strain WU-K2R.
